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The filtration process has been widely used in various industrial applications. To offer more 
interfacial area and promote the efficiency for the filtration process, a three-dimensional 
filtration process based on superabsorbent polymer (SAP) beads has been developed. Here 
in this study, a new two-step polymerization method was established to synthesize 
(acrylamide-co-acrylic acid) (AM-co-AA) SAP beads.  Using this method, SAP beads with 
three different diameters (0.3 mm, 0.5 mm, and 1.0 mm) were produced. The composition 
of SAP beads was thoroughly studied. The molar ratio of the two monomers, the total 
concentration of the monomer solution, the pH of the monomer solution, and the 
crosslinking degree have significant effects on the water absorbency of SAP beads.  After 
the composition study, SAP beads with three different water absorbencies (around 100, 
300, and 500) were produced.  The swelling behavior of each type of beads were studied 
by soaking in DI water or salt (NaCl) solution. According to the result of the study, beads 
with smaller size swell faster than beads with larger size and reach equilibrium in a shorter 
time. Although SAP beads with a lower crosslinking degree obtain a higher water 
absorbency, they need longer time to reach equilibrium when beads have the same size. 
Meanwhile, SAP beads with a high crosslink density have a greater longevity when 
recycled. The swelling performance of beads in salt solution was diminished due to the 
decreased osmotic pressure. Typically, the water absorbency for beads with a 0.5 mm 
diameter decreased from 466 in DI water to 141 when the ionic strength increased to 0.02 
mol/L. SAP beads were applied in the E. coli concentration and algae harvesting 
xii 
 
experiments. The results of these two experiments demonstrate that SAP beads show good 






CHAPTER 1. INTRODUCTION 
The water filtration process is technically defined as the separation of suspended solids 
from water [1]. By gravity or pressure, water passes through the pores of a membrane, 
which is also referred as filter, while particles are collected or excluded. The fluid that 
passes through is called the filtrate. According to the size of excluded particles, filtration 
can be classified into different categories. For example, the typical size for microfiltration 
ranges from 0.1-10 µm; nanofiltration ranges from 1-10 nm. Filtration has been widely 
applied to food, pharmaceutical, chemical industries to remove contaminants or harvest 
products [2-4]. 
Darcy’s law is an equation describing the flow when it passes through a porous medium, 
which can be applied to the filtration process [5]. The equation is shown below: 




where Q, the total flow rate (m3/s), is the product of intrinsic permeability 𝜅 (m2), the area 
A (m2), the pressure difference divided by the viscosity 𝜇 and the length L. According to 
the equation, it is obvious that the total flow rate is proportional to the total area. Therefore, 
to promote the efficiency and offer substantially more interfacial area is critical for the 
filtration process. 
Compared with the traditional 2D filtration with a whole porous membrane, the new 3D 
filtration composed of multiple individual sphere units has larger surface area to volume 
ratio. Therefore, this more effective process was achieved by using superabsorbent polymer 
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(SAP) beads. Figure 1 shows the water filtration process with SAP beads [6]. Dry beads 
are added to the original sample and swell until equilibrium is reached. Then, the beads are 
separate from the water sample. During the process, target particles are excluded in the 
residual. After beads are dehydrated and dried, they are collected and reused. 
 
Figure 1 - Schematic diagram for sample concentration process using SAP beads. 
Adapted from “Nanofiltration enabled by superabsorbent polymer beads for concentrating 
microorganisms in water samples,” by Xing Xie, Janina Bahnemann, Siwen Wang, Yang 
Yang, Michael R. Hoffmann, 2016, Scientific Report, 6, 20516. 
This 3D filtration based on SAP beads have several advantages over traditional filtration 
method in many aspects: 1) the contact area is significantly enlarged in a limited space; 2) 
the overall time requirement for a filtration process no longer depends on the volume of 
the water sample. If a large volume of water sample needs to be filtered, more SAP beads 
can be added to the sample; 3) no equipment is involved in the filtration process; 4) SAP 
beads are cheap and reusable, promising for future scale-up.  
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CHAPTER 2. BACKGROUND 
2.1  Superabsorbent Polymers (SAPs) 
Hydrogel is defined as a polymeric material that can absorb and retain large amount of 
water. This property arises from its unique structure where functional groups attached to 
the polymeric backbones absorb water and the cross-links between network chains prevent 
the hydrogel from dissolution [7]. Superabsorbent polymers (SAPs), belonging to the 
hydrogels but relatively lightly crosslinked, can absorb deionized water up to 1000 g/g [8]. 
The first commercial SAP was developed in Japan in 1978 for feminine napkins and in US 
in 1980 for baby diapers [9]. The production capacity of SAPs was more than 3 million 
tons per year in 2016 [10]. 
2.1.1 Classification 
SAPs can be classified into two groups according to their origins: synthetic and natural. 
Natural SAPs do not have charged groups in the structure, including proteins such as 
collagen and polysaccharides such as starch. Usually, natural SAPs are prepared by adding 
some synthetic parts to the natural substrates. Synthetic SAP are prepared from monomers 
accompanying ionic charges. Based on the type of electrical charges on the monomer, 
SAPs can be further categorized into four groups: ionic, ampholytic, and zwitterionic. Most 
of the SAPs are anionic. 
They also can be classified by the polymeric composition as a result of different methods 
of preparation: homopolymeric, copolymeric, and interpenetrating polymeric SAPs. 
Homopolymeric SAPs refer to networks that are formed by one type of monomer unit. 
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Copolymeric SAPs are crosslinked by two or more different monomer species, at least one 
of which is hydrophilic. Interpenetrating polymeric SAPs are composed of two 
independently crosslinked polymer components in one network. [11] 
2.1.2 Production 
In general, three essential ingredients including monomer, initiator, and cross-linker are 
used to synthesize SAPs. Acrylic acid (AA) and its sodium salt, and acrylamide (AM) are 
often used as monomers. Potassium persulphate (KPS) and ammonium persulphate (APS) 
are common thermal initiators. N, N’-methylene bisacrylamide (MBA) is often used as a 
water-soluble cross-linking agent. 
Two polymerization techniques, solution polymerization and inverse-suspension 
polymerization, related with this research have been described here. The solution 
polymerization process is straight forward: all the ingredients are dissolved in water at 
desired concentrations; the reaction is initiated by thermal initiator under heat; gel-like 
product is formed. Inverse-suspension polymerization refers to a water-in-oil (W/O) 
process, where all ingredients are dispersed in the oil phase. The particle size and shape are 
controlled by the viscosity of the continuous phase, agitation speed, and the type of 
dispersant [12]. 
2.1.3 Swelling Mechanism and Kinetics 
It is important to understand its kinetics of swelling behaviour before applying SAPs to use. 
Usually two steps are considered: water molecules diffuse into the structure of the polymer, 
followed by the relaxation of polymer chains [13]. 
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When the system is controlled by the diffusion step, indicating that the solvent mobility is 
limited, and diffusion rate is lower than the relaxation rate, Fickian model can be applied. 
In this model, the absorbed water mass 𝑀𝑡  per unit mass of the polymer at time t is 
expressed by the equation below: 










where 𝑀∞ is the total amount of water absorbed by the polymer at equilibrium, and 𝑘 =
4𝜋2𝐷/𝑑2 is the diffusion rate constant for polymer with an equivalent diameter of d. D is 
the diffusivity. 
When the relaxation phenomenon is considered, the absorbed water mass 𝑀𝑡𝑅  can be 
expressed by the following equation where 𝑘𝑖 is the relaxation rate constant, related with 
the swelling tension. 




Most often, the swelling behaviour is a combination of these two steps. Therefore, the total 
Mass 𝑀𝑡 is expressed as  𝑀𝑡 =  𝑀𝑡𝐹 +  𝑀𝑡𝑅  . 
2.2 Applications of SAPs 
SAPs have been widely produced all over the world while most of them are used in 
disposable diapers. To improve the quality of diapers, a new generation of Safe and Natural 
Absorbent Polymer (SNAP) has been invented which contains no residual monomer [14]. 
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In the pharmaceutical area, one type of SAP called super-porous hydrogels (SPHs) was 
invented by Kinam Park et al [15], which was designed for gastric retention applications 
[16]. Compared with SAPs, SPHs swell fast regardless of their gel size due to the capillary 
force through the porous structure. 
Considering the water absorption properties of SAPs, their applications in agricultural 
fields have been investigated in order to reduce the loss of water in soil. They can be seen 
as “miniature water reservoirs” in soil [17]. Water will be removed from SAPs according 
to the root demand. SAPs also can be used to control the release of nutrients and pesticides 
avoiding the contamination of groundwater [18]. 
SAPs has also been used in concrete to self-seal cracks by Buenfeld and his research group 
[19]. When cracks form, they are likely to propagate through SAP voids, resulting in the 
exposure of SAPs to the external environment. When the concrete is subjected to a wet 
face, SAPs swell again, preventing the further flow of water and assisting the self-healing 
process. 
2.3 SAP Beads 
Xie et al. has successfully synthesized poly (acrylamide-co-itaconic acid) (P(AM-co-IA)) 
SAP beads using a millifluidic system for 3D filtration [6]. In this work, water-in-oil 
droplets were generated when the water phase stream and the oil phase stream (silicone oil) 
were combined at the T junction, as shown in Figure 2a. The water phase contains 
acrylamide (AM), itaconic acid (IA), potassium persulfate (KPS), and N,N’-methylene 
bisacrylamide (MBA). Figure 2b shows the polymerization reaction mechanism of this 
process. Water-in-oil droplets flowed through the silicone tubing with an inner diameter 
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(ID) of 1/16 inch. Under certain amount of heat, monomers were polymerized, and beads 
were formed. Then beads were washed by ethanol and dried in oven at 40°C overnight. 
The size of the dried beads was around 1.27 mm. They were soaked in deionized water to 
measure the water absorbency. As Figure 2c shows, the water absorbing process reached 
equilibrium in 10 minutes, and the diameter of beads was around 3.8-fold of its original 
value. Thus, the water absorbency was around 50 g water/g SAP. 
 
Figure 2 - Fabrication and characterization of poly (AM-co-IA) beads. (a) Schematic 
of the fabrication procedure using millifluidic system. (b) The polymerization reaction for 
IA with AM. (c) The size change of poly (AM-co-IA) beads in DI water. Adapted from 
“Nanofiltration enabled by superabsorbent polymer beads for concentrating 
microorganisms in water samples,” by Xing Xie, Janina Bahnemann, Siwen Wang, Yang 
Yang, Michael R. Hoffmann, 2016, Scientific Report, 6, 20516. 
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2.4 Research Questions 
One critical parameter is the diameter of the SAP beads. When the size of beads is smaller, 
it tends to absorb water much faster and reach equilibrium in less time because of its larger 
surface area to volume ratio. However, when the size of beads is too small, it is difficult to 
separate them from the residual water, which results in the decrease of separation efficiency. 
It is desirable to produce beads with higher water absorbency that fewer SAP beads are 
needed to treat certain amount of water. However, the stiffness of beads decreases as the 
water content increases. When the water content is too high, beads may not be able to retain 
the integrity, increasing the difficulty of separating them from water. 
Since the diameter, water absorbency, and stiffness of the beads are interrelated, how we 
optimize all the parameters during the synthetic process to achieve high water absorbency 
in a short time while also keep the separation efficiency is the question we need to address. 
2.5 Research Objectives 
The objectives of the research include: 1) establishing an improved synthetic method for 
preparing SAP beads; 2) elucidating the effect of composition on the swelling behavior of 
the SAP beads; 3) obtaining beads with desired water absorbency and stiffness; and 4) 
identifying the optimal diameter of the beads for future applications. 
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CHAPTER 3. RESEARCH METHODS 
3.1 Materials for SAP Beads 
The water phase contains acrylamide (AM) as a solid powder (99+%; Sigma-Aldrich), 
acrylic acid (AA) in liquid form (99%; Sigma-Aldrich), potassium persulfate (KPS) (99+%; 
Sigma-Aldrich), and N,N’-methylene bisacrylamide (MBA) (99%; Sigma-Aldrich). 
Itaconic acid (IA) used in the previous study was replaced by acrylic acid (AA). These two 
acids are all anionic and can be polymerized by free radical polymerization. Despite the 
structure of IA including two carboxyl groups, which may indicate a higher swelling ratio 
[20], it has a limited solubility in water at 0.2467 g/mL at 97°C [21] and lower reactivity 
than AA [22]. Chemical structures of the discussed monomers and the polymerization 
reaction are shown in Figure 3 [23]. 
 
Figure 3 - Molecular formula of different monomers and reaction mechanism. (a) 
Molecular formula for itaconic acid (IA), acrylic acid (AA), and acrylamide (AM). (b) The 
polymerization reaction for AA with AM. Adapted from “Modified chitosan 
superabsorbent hydrogels from poly (acrylic acid-co-acrylamide) grafted chitosan with salt 
and PH responsiveness properties,” by G.R. Mahadavinia, M.J. Zohuriaan, et al, 2004, 
European Polymer Journal, 40, 1399-1407. 
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AA (Sigma-Aldrich, 99%) cannot be used directly since it contains 200 ppm MEHQ as 
inhibitor to prevent it from converting to its dimer. Therefore, it was distilled under reduced 
pressure before use. [24] 
3.2 The Synthesis of SAP Beads 
In the previous method [6], aqueous droplets were polymerized under a certain temperature. 
Meanwhile, the reaction time should be long enough to ensure that the polymerization 
process is completed, otherwise the droplets may not be able to form solidified SAP beads. 
However, the lack of temperature and time control in this method is the primary concern. 
When the temperature given for the reaction is too low, complete polymerization requires 
longer time, i.e., longer silicone tube or slower flow rate, both of which may increase the 
possibility of the tube being blocked by SAP beads. 
To overcome this problem, a two-step polymerization method was developed. As 
illustrated in Figure 4a, first of all, water-in-oil droplets were generated when the water 
phase stream and the oil phase stream were combined at a T junction. The oil phase was 
silicone oil. Two independent high-precision syringe pumps were applied to inject the 
streams. Second, droplets flowed through a dry bath with a temperature of 100°C for about 
4 min. Then, partially polymerized SAP beads dropped to a beaker containing the same 
silicone oil and cured at 70°C for about 240 min. SAP beads were separated from oil by 
strainer or screen bags according to the size of beads. Last, beads were washed with DI 
water for a couple of minutes and dried in oven at 60°C overnight. 
Silicone tube was substituted by glass tube since silicone tube deforms at 80°C in a long-
term use and glass tube is highly resistant to temperature. Because the surface of glass tube 
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is hydrophilic, it needs to be modified to hydrophobic before use. When the surface is 
hydrophilic, the shape of aqueous droplets formed in the tube is columns rather than 
droplets. The higher contact areas also facilitate the blocking of the tube because droplets 
become sticky when they are polymerized. 
The hydrophilic glass tube was modified by a surface treatment step. First, 0.2 mL 
methyltrichlrosilane and 0.5 mL concentrated hydrochloric acid (37% from Sigma Aldrich) 
were mixed in 20 mL toluene [25]. The mixture was injected into the glass tube by a syringe 
gradually. The glass tube was filled with the treatment solution for half an hour. After that, 
the glass tube was dried in oven at 60°C for 30 min. 
 
Figure 4 - Fabrication of poly (AM-co-AA) beads. (a) Schematic of the fabrication 
procedure using two-step method. (b) Photo of the real structure. 
3.3 Synthesis of SAP Beads with Different Compositions 
3.3.1 SAP Beads with Different Crosslinking Degrees 
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The degree of crosslinking in the SAP beads is critical because it determines the water 
absorbency as well as the mechanical strength of the SAP beads. Obviously, the degree of 
crosslinking is related to the percentage of cross-linker in the monomer mixture. However, 
the question remains what the critical percentage of crosslinker is to ensure SAP beads 
exhibit high water absorbency while also maintain the integrity. 
The water absorbency is determined by the following expression [26]: 
water absorbency =  
𝑀𝑡 − 𝑀0
𝑀0
 (𝑔/𝑔 𝑏𝑒𝑎𝑑𝑠) 
where Mt and M0 are the mass at different time-intervals and initial mass respectively.  
To answer this question, two parallel experimental studies have been conducted. Each 
study has 5 parallel experiments. In the first study, the molar ratio of AM to AA was fixed 
at 4:1, and the total molar concentration of monomers was 3 mol/L. Meanwhile, the pH of 
the mixture was adjusted to 7 by NaOH solution. The amounts of KPS added to the 
monomer mixture was fixed at 1.5 wt% of the total weight of the monomers. The amount 
of MBA added was set as 0.05 wt%, 0.1 wt%, 0.25 wt%, 0.5 wt%, and 1.0 wt%. For the 
other study, excepting the total molar concentration, which was set to be 2 mol/L, other 
parameters were exactly the same. Mmonomer solution was sufficiently mixed until the 
solution was clear, and then heated on the hot plate at 70°C for 10 min. The polymerized 
gel was cut into cubes and dried in oven at 60°C overnight for future the test. To test the 
water absorbency of beads with different crosslinking degrees, completely dried cubes 
were soaked in DI water at ambient conditions for 1 hour. 
3.3.2 SAP Beads with Different Monomer Ratios 
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Two monomers AA and AM were used as two basic monomers.  AA contains -COOH 
group that can be ionized. Therefore, the ratio of AA to AM may change the swelling 
capability of beads. The AA to AM ratio of the reaction mixture was varied from 1/9 to 4 
for different runs. Meanwhile, the total monomer concentration was kept the same at 2.5 
mol/L. The amounts of KPS and MBA added to each monomer mixture were 1.5 wt% and 
1.0 wt% respectively. Mmonomer solution was sufficiently mixed until the solution was 
clear, and then heated on the hot plate at 70°C for 10 min. The polymerized gel was cut 
into cubes and dried in oven at 60°C overnight for future the test. To test the water 
absorbency of beads with different crosslinking degrees, completely dried cubes were 
soaked in DI water at ambient conditions for 1 hour. 
3.3.3 SAP Beads with Different pH 
Acrylic acid (AA) contains carboxylic acid group, which is sensitive to pH.  According to 
the literature, when the degree of neutralization increases from 4 to 7, the rate of 
polymerization increases significantly [27]. As the degree of neutralization increases, 
sodium acrylate forms. When the ratio of sodium carboxylate and carboxylic acid groups 
varies, the water absorbency will change. Therefore, we need to find the best neutralization 
degree or pH value to maximize the amount of water that SAP beads can absorb.   
The monomer mixture was prepared in a glass bottle by mixing certain amounts of AM, 
AA, KPS, and MBA. Then the 160 mL mixture solution was equally devided into 8 
samples that each sample contained 20 mL monomer solution. Pre-determined amounts of 
high concentration NaOH solution was added to each tube drop by drop until the pH 
reached 3, 4, 5, 6, 7, 8, 10, 12. After that certain amount of DI water was added until each 
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tube contained 30 mL solution. Therefore, the concentration of the final monomer solution 
was 2.5 mol/L (AM:AA = 4:1) with 1.5 wt% of initiator KPS and 2 wt% crosslinker MBA. 
Finally, 5 mL monomer solutions were transferred into beakers respectively and 
polymerized on the hot plate at 70°C for 10 min. The polymerized gel was cut into cubes 
and dried in oven at 60°C overnight for future the test. To test the water absorbency of 
beads with different crosslinking degrees, completely dried cubes were soaked in DI water 
at ambient conditions for 1 hour. Completely dried cubes were soaked in DI water at 
ambient conditions for 1 hour.  
3.4 Synthesis of SAP Beads with Different Diameters 
Previously, the diameter of the bead was controlled by the inner diameter of the silicone 
tube, which was both 1/16 inch (~1.58 mm). The diameter of dry beads was more than 1 
mm. It took about 10 min for the bead to reach its equilibrium in water, which was not 
desirable for future applications [6]. Therefore, smaller beads are needed to achieve higher 
swelling rate and faster filtration. To achieve the goal, different glass tubes from 2 vendors 
were used. Detailed information is shown in the Table 1. 
Table 1 - Inner and outer diameters information for glass tubes from different 
vendors. 
No. Inner Diameter (ID) Outer Diameter (OD) Vendor 
1 1.5 mm 5 mm GaTech Glass Shop 
2 0.8 mm 3 mm GaTech Glass Shop 
3 0.5 mm 3 mm F&D, inc 
4 0.3 mm 3 mm F&D, inc 
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Since glass tubes were used, commercial T junctions were no longer fit for the experiment. 
Therefore, 3D printing was used to create customized T junctions for the experiment. The 
design and finished product of T junction are shown in Figure 5. Detailed information is 
shown in the Table 2. 
 
Figure 5 - T junctions. (a) Design of T junctions. (b) Solidworks image of a T junction. 
(c) final product of a T junction. 
Table 2 - Dimensions information for different T junctions. 
No. Thru-hole dimension (A) Connection dimension (B) 
1 1.5 mm 5.2 mm 
2 0.8 mm 3.2 mm 
3 0.5 mm 3.2 mm 
4 0.3 mm 3.2 mm 
Because of the limitation of drilling the hole through the T junction and the difficulty of 
buying glass tube with thinner inner diameter, to reduce the size of beads using this method 
is not feasible. Inverse suspension polymerization is suited when the final polymer should 
be in the form of small beads with diameters less than 200 µm [28]. The actual bead size 
distribution is dependent on the balance between droplet break-up and droplet coalescence 
[29]. Therefore, small amounts of stabilizer are usually required to control the drop size 
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and the drop stability. The physical conditions also affect the droplet size distribution 
significantly by frictional forces and inertial forces, indicating that the impeller type or 
diameter and the agitation speed should be considered. 
A curtained amount of distilled AA was neutralized by NaOH solution drop-by-drop until 
the pH reached 7 under ice water. Then a mixture of monomers, crosslinker MBA and 
initiator KPS in DI water was prepared. Stabilizers Span 80 (4 g/L) and Tween 60 (2 g/L) 
were dissolved in light mineral oil. The aqueous solution was introduced into the organic 
phase by syringe pumps and stirred at 85°C for 2 h [30]. Then, the suspension solution was 
introduced into methanol to precipitate the polymer. After drying precipitate in oven at 
60°C overnight, the polymer powder was obtained. 
3.5 Characterization of SAP Beads 
3.5.1 Microscopy Images 
The surface morphologies of the SAP beads were examined by two different scanning 
electron microscopes (Hitachi SU8010 and Zeiss Ultra60 FE SEM). Before SEM 
observation, all samples were dry and fixed on aluminium stubs. 
3.5.2 Swelling Behaviors 
Certain amounts of SAP beads synthesized with different compositions were soaked in DI 
water and allowed to swell. Samples were taken out from water after certain periods. 
Random beads are chosen as representatives to measure the diameter changes. After the 
surface water was removed carefully by tissue paper, the weight of the bead was measured 
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by an analytic balance. Equilibrium swelling was reached when the change of weight was 
negligible. 
To study the effect of ionic strength of solution on swelling behaviors of SAP beads, certain 
amounts of sample SAP beads were soaked in NaCl solutions with various concentration 
and allowed to swell. Using the same procedure, the water absorbency at a certain given 
time for each sample was determined. 
3.5.3 Reusability 
The water absorbency of each sample at equilibrium was determined by the same procedure 
above. Then, samples were placed in the oven at 60°C overnight. After drying, samples 
were soaked in DI water and the water absorbency for each sample at equilibrium was 
measured again. The reusability of beads for different samples were determined. 
3.6 SAP Beads for Concentrating E. coli in Water 
The E. coli stock was prepared by incubating in 40 mL LB broth media at 37°C for 16-18 
hours. Then the bacteria culture was mixed thoroughly by vortex. E. coli cells were 
harvested by centrifuging 1 mL of E. coli stock at 4000 rpm for 5 min and washed with DI 
water for three times. A 10 mL water sample containing certain amounts of E. coli was 
prepared. The initial E. coli concentration was ranged from 1×102 to 1×104 CFU/mL. 
Because plate-culturing method was used to determine the E. coli concentration, the result 
will not be reliable when the initial concentration is lower than 1×102 CFU/mL. In this 
experiment, 0.3 mm SAP beads with a water absorbency around 500 were used. Certain 
amounts of SAP beads (~0.02 g) were added to the water sample. After 5 min, remaining 
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water sample was transferred into another centrifuge tube with pipette and the remaining 
volume was measured. Because dried beads cohered to each other and formed clusters, it 
took time for them to swell and separate. Meanwhile, 200 µL sample was taken out for 
concentration measurement. These steps were repeated to concentrate the water sample to 
1 mL. The E. coli concentration was measured by standard spread plating technique with 
six replicates for each measurement.  
3.7 SAP Beads for Harvesting Algae in Water 
Here 0.3 mm SAP beads with a water absorbency around 500 were applied to concentrate 
microalgae from culture suspension. Chlorella kessleri were grown in BG-11 medium 
containing the following chemicals: NaNO3 (17.7 mM), KH2PO4 (0.18 mM), 
MgSO4·7H2O (0.30 mM), CaCl2·2H2O (0.25 mM), citric acid (0.03 mM), ferric 
ammonium citrate (0.03 mM), EDTA disodium salt dehydrate (0.003 mM), Na2CO3 (0.19 
mM), H3BO3 (46 μM), CuSO4·5H2O (0.17 μM), MnCl2·4H2O (9.2 μM), ZnSO4·7H2O 
(0.77 μM) and Na2MoO4·2H2O (1.6 μM). The pH was adjusted to 7.0. The cultivation was 
in a cylindrical bottle containing 500 mL of medium with continuous illumination. 
After 7 days of cultivation, the concentration of the algae suspension was measured. Four 
tubes with each containing 10 mL of microalgae suspension was centrifuged at 8000 rpm 
for 10 min and then washed twice with DI water. Then samples were dried in an oven at 
85 °C to a constant weight. A 20 mL algae suspension sample was prepared. Certain 
amounts of SAP beads (~0.02 g) were added to the suspension for the microalgae 
harvesting experiment. After 10 min, remaining sample was transferred into another tube. 
Meanwhile, the amount of water weight removed by SAP beads was measure by an 
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analytical balance, and 3 mL of sample was taken out to measure the dry weight. These 
steps were repeated for 5 times. 
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CHAPTER 4. RESULTS AND DISCUSSIONS 
4.1 Effect of Composition on the Water Absorbency of SAP Beads 
4.1.1 Effect of Crosslinking Degree 
The results of the swelling experiments demonstrate that the crosslinker content and the 
total concentration of monomers both significantly affect the swelling behavior of SAP 
beads. From Figure 6, it is clear that the water absorbency decreases with the increase of 
crosslinker content from 0.05 to 1.0 wt% in all three scenarios with different monomer 
ratios. This result of decreasing water absorbency is attributed to the fact that crosslinking 
degree of the SAP beads increases when the crosslinker (MBA) content increases, and the 
rigidity of the beads in the swollen state is enhanced [31,32]. Another interesting result 
shows an increase in the amount of water absorbency with the dilution of the monomer 
mixture. For example, the water absorbency increases from 128.9 to 253.6 when the total 
monomer concentration decreases from 3 to 2 mol/L although the relative amount of 
crosslinking agent is set at 1 wt% and the two SAP beads have the same chemical 
composition. It is explained that as the water content increases during polymerization, 
small amounts of crosslinking agents react into the same growing polymer chain and form 
a loop structure, leading to a less crosslinked polymer [33]. The cyclization mechanism is 
shown in Figure 7. It is noticeable that when the total concentration of monomers and the 
percentage of cross-linker are both at a low level, the mixture is unable to form solid beads, 




Figure 6 - Effect of crosslinking degree and dilution on water absorbency of the beads.  
 
 
Figure 7 - Crosslinking and cyclization reactions. Adapted from “Structure and swelling 
of poly (acrylic acid) hydrogels: effect of pH, ionic strength, and dilution on the crosslinked 
polymer structure,” by Jeannine E. Elliott, Mara Macdonald, Jun Nie, Christophern. 
Bowman, 2004, Polymer, 45, 1503-1510. 
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4.1.2 Effect of AA to AM Ratio 
According to the plotted curve (Figure 8), the observed increase in water uptake capability 
with the increase in the AA monomer content should be attributed to the increase of -COO- 
groups [34], which enhances the relaxation of polymer chains and increases the osmotic 
swelling pressure. However, we have noticed that if the content of AA is too high, the SAP 
beads may not be able to separate from each other after the two-step polymerization 
reaction because they are too stick or they may not be able to maintain its integrity when 
they swell. 
  
Figure 8 - Effect of monomer AA/AM ratio on the absorbency of SAP beads. 
4.1.3 Effect of pH 
The water absorbency of the SAP beads prepared from monomer solutions with various 
pH values is shown in Figure 9. When the mixture is neutralized to pH = 7, the SAP beads 
show the highest water absorption capacity. 
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Figure 9 - Effect of pH on beads swelling behavior. 
From the plot, the water absorbency increases from pH 3-7, the observed increase in the 
equilibrium water uptake with the increase of the degree of neutralization should be 
attributed to the fact that as the degree of neutralization increases, the number of -COO- 
group also increases. Because of the repulsion among similarly charged -COO- groups, the 
chain relaxation is enhanced [35]. Moreover, the concentration of counter ions (Na+) also 
increases, leading to a higher osmotic swelling pressure. 
However, water absorbency decreases slightly from pH 7-12, where the whole system is 
basic. The redundant free counter ions (Na+) condense on the polymer chain, which 
indicates the number of free ions decreases, leading to a decrease in osmotic pressure [36, 
37]. This synergy between sodium carboxylate and carboxylic acid groups with an 85% of 
neutralization produces the highest water absorbency. 
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4.2 Products of SAP Beads with Different Sizes and Compositions 
Table 3 below shows the dry bead sizes produced by different glass tubes and the inverse 
suspension polymerization method. During the solution polymerization experiments, using 
the glass tube with 0.3 mm ID was unable to produce SAP beads.  
Poiseuille Equation explains that the pressure needed for a fluid maintaining a certain flow 
rate increases with the decrease of pipe diameter. 




where D is the pipe diameter, L is the length of pipe, µ is the viscosity of the fluid, and Q 
is the volumetric flow rate. The connection between the T junction and the glass tube is not 
secure enough to withstand such high pressure, which triggers the leak of streams from the 
connection point. 
Table 3 - Dry bead sizes produced by glass tubes with different inner diameters. 
Glass tube ID Dry beads diameter 
1.5 mm ~1 mm 
0.8 mm ~ 0.5 mm 
0.5 mm ~ 0.3 mm 
0.3 mm N/A 
Inverse suspension Varied size (20-100 µm) 
Figures 10a, d, g, and j below are photos taken by digital microscope. Among them a, d, 
and g show the dry beads synthesized using different types of glass tubes respectively, and 
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j shows beads synthesized by the inverse suspension polymerization method. Figures 10b, 
e, h, and k were taken by Microscope, the average dry bead sizes are around 1.0 mm, 
0.5 mm, and 0.3 mm, respectively. The dry bead sizes polymerized by inverse suspension 
method are randomly distributed from 20 µm to 100 µm. For example, the diameter of 
beads in Figure 10k is 70 µm. It is difficult to acquire beads with an uniform size using 
inverse suspension polymerization method since the diameter is determined by several 
synthetic conditions such as the speed of agitator, the concentration of stabilizer [38-41]. 
Figure 11 shows the diameter distribution of beads synthesized via the inverse suspension 
polymerization. More than 200 beads has been counted and the average size is 52 (±30.3) 
µm. Figures 10c, f, i, and l are pictures showing different sized beads after swelling in DI 
water, respectively. The color of beads are blue in Figure 10l because a food dye has been 
added to the monomer solution.  
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Figure 10 - Images of SAP beads with different sizes. (a-c) SAP beads prepared by ID 
1.5 mm glass tube; (d-f) SAP beads prepared by ID 0.8 mm glass tube; (g-i) SAP beads 
prepared by ID 0.5 mm glass tube; and (j-l) SAP beads prepared by inverse suspension 
polymerization. The left column, middle column, and right column of the images were 




Figure 11 - Size distribution of SAP beads synthesized by inverse suspension 
polymerization. 
After the study of composition and production of beads with 3 different sizes, 9 types of 
beads were fabricated and the relevant parameters are given in Table 4. 
















5 3:2 1.2 1 ~100 
2 4 3:2 1.2 0.5 ~300 




5 3:2 1.2 1 ~100 
5 4 3:2 1.2 0.5 ~300 




5 3:2 1.2 1 ~100 
8 4 3:2 1.2 0.5 ~300 
9 4 3:2 1.2 0.25 ~500 
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4.3 Properties of the SAP Beads 
4.3.1 Surface Morphology 
SEM micrographs of SAP beads taken by Hitachi SU8010 are shown in Figure 12. Before 
the SEM observation, these beads were coated with gold particles. These samples present 
a coarse surface with some wrinkles. We were not able to visualize the water channels in 
SAP beads. 
 
Figure 12 - Scanning electron microscope (SEM) images of the outer surface of beads 
taken by Hitachi SU8010. 
Figure 13 shows the dry beads without coating characterized by Zeiss Ultra60 FE-SEM. 
The images show obvious charging effect [42]. Static electric charges on the specimen 






Figure 13 - Scanning electron microscope (SEM) images of the outer surface of beads 
taken by Zeiss Ultra60 FE-SEM. 
4.3.2 Sweling Behaviors 
The diameter changes of beads with different sizes were measured when soaking in 
deionized water, shown in Figure 14. From Figure 14a, the diameter of beads increases 
gradually from 0.3 mm and reaches ~7.5 fold of its original value within 5 minutes. 
Expectedly, it takes much longer for beads with larger initial sizes to reach equilibrium, 
such as 40 minutes for beads with initial diameter of 0.5 mm to reach 3.8 mm (Figure 14b) 
and almost 2 hours for beads with initial diameter of 1 mm to reach 7.3 mm (Figure 14c). 
The diameter changes of beads synthesized by inverse suspension polymerization when 
soaking in water are not able to be measured with this method, because the swelling rate is 
so fast when the bead size is smaller than 100 µm that they reach their maximum capacity 
in seconds.  
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Figure 14 - Size change of the SAP beads when soaking in DI water. (a) Beads with a 
0.3 mm dry diameter. (b) Beads with a 0.5 mm dry diameter. (c) Beads with a 1 mm dry 
diameter.  
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The swelling and diffusion characteristics were investigated by a kinetic analysis. The 








where 𝑀𝑠 represents the total mass at time t, 𝑀0 is the mass of dry beads, 𝑀𝑡 means the 
water absorbed by the SAP beads. 








where 𝑀∞ and 𝑀𝑒 represent the total mass of SAP beads and the mass of water absorbed 
by SAP beads at equilibrium respectively. 
The kinetic mechanism was analyzed by a first-order swelling kinetic model. This model 
assumes the absorption rate depends on the quantity of unoccupied sites [43]. The 
mathematical equation is expressed: 
𝑄𝑡
𝑄𝑒
= 1 − 𝑒−𝑘𝑡 




) = −𝑘𝑡 
where k is the equilibrium swelling rate constant. 
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Figure 15a illustrates the diameter changes of SAP beads with different dry diameters and 
Figure 15b shows the first order swelling kinetics. It is clear that equilibrium is attained at 
a faster rate by smaller beads. 
 
Figure 15 - Swelling behavior comparison between SAP beads with different sizes. (a) 
Dependency of size change on time for beads with different diameters. (b) First-order 
swelling kinetics for beads. 
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Swelling plots and its corresponding swelling rate constant for each type of bead are shown 
in Figure 16. The calculated rate constants are given in Table 5. From Figures 16a, c, and 
e, it is clear that though equilibrium water absorbency is higher for the less crosslinked 
systems, it takes less time to reach equilibrium by more crosslinked systems. 
 
Figure 16 - Swelling behavior comparison between SAP beads with different 
crosslinking degrees. (a), (c), and (e) Dependency of size change on time for beads with 
1.0 mm, 0.5 mm, and 0.3 mm diameter and different crosslinking degrees. (b), (d), and (f) 
Corresponding first-order swelling kinetics for different beads. 
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1.4 101 2.5005 
2 1.9 311 1.0213 
3 2.3 450 0.6296 
4 
0.5 
2.5 125 0.3480 
5 3.1 297 0.1658 
6 3.8 466 0.0963 
7 
1.0 
4.6 112 0.0922 
8 6.0 308 0.0444 
9 7.4 437 0.0269 
According to Table 5, the swelling rate constant increases as the crosslinking degree 
increases for beads with the same size, and as the beads have larger sizes when the 
crosslinking degree is the same. 
4.3.3 Water Absorbency under Different Ionic Strengths 
The water absorbency of SAP beads in saline solutions are important since in a lot of 
applications, such as agriculture, SAP beads need to interact with liquid containing salts. 
The influence of ionic strength on the water absorbency of SAP beads were tested. 
Generally speaking, the water absorbency decreases with the increase of ionic strength in 
NaCl solution compared with that in DI water (Table 6). When the ionic strength is higher, 
the ionic concentration gradient is decreased, which means that the ionic osmotic pressure 
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between the external solution and the SAP beads decreases, result in the decline of water 
absorbency [43, 44]. According to the result from Figure 17a, 0.3 mm beads have water 
absorbency of 433 in DI water, whereas they only absorb 141 times its weight of in a NaCl 
solution with an ionic strength of 0.017 mol/L. Similar trend is also shown for all beads 
with different crosslinking degrees in Figure 17b while the trend is more significant for 
beads that have higher water absorbencies originally. For example, the water absorbency 
decreases from 433 to 50 for beads with 0.25 wt% of crosslinker, meanwhile, the water 
absorbency decreases from 125 to 38 for beads 1.0 wt% of crosslinker. 
 
Figure 17 - Effect of ionic strength of solution on the water absorbency of SAP beads. 
(a) and (c) Dependency of water absorbency on time for beads with 0.3 mm, 0.5 mm 
diameter respectively and 0.25 wt% of crosslinker in NaCl solutions with different 
concentrations. (b) and (d) Dependency of water absorbency on solution ionic strength for 
beads with 0.3 mm, 0.5 mm diameter respectively and different crosslinking degree. 
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The reason for taking almost half an hour to reach the equilibrium is that dry beads stick 
with others and form a cluster that is difficult to separate. When a whole cluster is 
submerged in water, it takes much longer for inner beads to access water. Therefore, Figure 
17 only shows the water absorbency capacity of beads in salt solution without showing the 
real swelling behavior of beads. One bead with a diameter of 0.3 mm was immersed in 10 
g/L NaCl solution to test the real swelling behavior under the microscope. Figure 18 shows 
the diameter change curve. According to the curve, the bead swells fast in the first 30 
seconds. After 5 min, the diameter changes slowly, which is consistent with the time 
interval needed in DI water. The curve is not smooth because the swelling kinetics in 
different states are different. 
 
Figure 18 – Swelling behavior of 0.3 mm SAP beads in 10 g/L NaCl solution. 
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Table 6 - Water absorbency for SAP beads with different crosslinking degree in 








Water Absorbency (g/g) 
Ionic strength (mol/L) 




1.0 125 52 45.3 38.3 
0.5 274 107 58.3 45.4 
0.25 466 141 64.2 53 
0.3 
1.0 101 62 46.5 37.8 
0.5 286 110 60 45 
0.25 433 141 66.5 51 
4.3.4 Reusability 
Reusabilty of beads is also another important character because beads with higher 
reusability can be recycled more times, which reduce the overall cost and are more 
environmental friendly. Figures 19a and b show the water absorbency changes with the 
increasing number of uses. There is a general trend that water absorbency decreases when 
they are recycled, while no siginificant difference between beads with various sizes. 
However, accroding to the calculated decreasing rate from Table 7, if we assume it 
decreases linearly, the water absorbency decreases slightly faster for beads with lower 




Figure 19 - Reusability of SAP beads. (a) Water absorbency of beads when recycled with 
different crosslinking degrees. (b) Water absorbency of beads when recycled with different 
sizes. 
Table 7 - Dependency of water absorbency decreasing rate for beads on diameters. 
Water absorbency (g/g) 
Water absorbency 
decreasing rate 
Percentage of loss 
~100 6.25 36% 
~300 10.01 23% 
~500 17.07 23% 
 
4.4 E. coli Concentrating 
Waterborne pathogenic microorganisms have been a serious threat to public health and 
safety for decades. However, the detection of bacterial contamination with low 
concentration or large volume is still limited [45, 46].  Therefore, SAP beads were applied 
to concentrate water sample containing E. coli. Because the size of E. coli is around 0.5 
µm in width by 2 µm in length, they are excluded in residual. 
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Results were shown in Figures 20 a-c. It is obvious that the E. coli concentration increases 
gradually with the decrease of water volume. The dashed lines represent the theoretical E. 
coli concentration calculated using the assumption that there is no loss of E. coli during the 
concentrating procedure. The measured concentrations do not have a significant difference 
with the theoretical concentration, indicating the concentrating method is feasible and 
efficient. The recovery efficiencies are defined by following equations:  
recover efficiency for each step: η𝑖 = (𝑉𝑖 × 𝐶𝑖)/(𝑉𝑖−1 × 𝐶𝑖−1), where i = 1-5; 
average recover efficiency for each test:  η𝑎𝑣𝑔 = (η1 + η2 + η3 + η4 + η5)/5; 
cumulative recovery efficiency for each test:  η𝑐𝑢𝑚 = η1 × η2 × η3 × η4 × η5. 
Table 8 summarizes the recovery efficiencies of the 5 concentrating steps of three 
experiments with different initial E. coli concentrations. There is a general trend that the 
recovery efficiency decreases as the concentration of E. coli becomes higher. As shown in 
Figure 20d, the average recovery efficiency and the cumulative recovery efficiency both 
decrease from 99.35% to 95.75% and 95.79% to 80.17% respectively. It also can be 
observed by the 5th step in each test, where the recovery efficiency is lower compared with 
the first four steps. 
For each concentrating step, if the amount of SAP beads added to the water sample is too 
low, it takes longer time or more steps to concentrate from 10 mL to 1 mL. Oppositely, if 
the amount of SAP beads added in each step is too high, the SAP beads take up most of the 
water and are not able to suspend in water sample, which may diminish the recovery 
efficiency. Therefore, the concentration degree is defined by the ratio of the sample volume 
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before and after one step: Degree =  𝑉𝑖/𝑉𝑖−1 . The effect of concentration degree was 
studied by adding different amount of SAP beads to 10 mL of water sample for one single 
step (Figure 21). When the concentration degree is ~2, which means that 10 mL of water 
sample is concentrated to ~5 mL, the recovery efficiency is around 90%. As the 
concentration degree increases, the recovery efficiency drops proportionally. The recovery 
efficiency is only 63% when the concentration degree is 7.7. 
The results of these two experiments might be explained by the microbial adhesion onto 
the surface of SAP beads. Both situations, where the E. coli concentration is high, or the 
number of beads is large, indicate a poor mixing condition that at certain part in the water 
sample there might not be enough water for beads to swell and result in the adhesion of 





Figure 20 - Performance of applying SAP beads to concentrate E. coli microorganisms. 
(a), (b) and (c) in different initial concentrations: 3.0 × 102 CFU/mL, 2.1 × 103 CFU/mL, 
and 6.7 × 103 CFU/mL respectively. (d) Summary of the average and cumulative recovery 
efficiencies for the three concentrations tests. 







1 2 3 4 5 
3.0 × 102 98.54 111.69 92.18 97.72 96.62 99.35 95.79 
2.1× 103 105.02 93.73 99.63 97.18 89.28 96.97 85.10 




Figure 21 - Recovery efficiencies of a single concentrating step with different 
concentration degrees. 
4.5 Algae Harvesting 
Microalgae harvesting has become the main constriction of the microalgae 
commercialization process since traditional harvesting methods, such as centrifugation, 
filtration, and flotation are very energy consuming [47, 48].  
The experimental result in Figure 22a shows that the algae concentration increased from 
2.03 g/L to 2.35 g/L in 1 hour. The dashed line represents the theoretical algae 
concentration and the solid red line represents the measured algae concentration. During 
the harvesting process, the volume of solution merely decreased about 5 mL. In each step, 
the water absorbency of beads decreased from 54.67 g/g to 34.7 g/g. This low water 
absorbency is mainly attributed to the high ionic strength of the medium, which has a 
dramatic negative impact on the performance of SAP beads. The short time interval for 
each step might also offset the capacity of SAP beads. Since beads are not reused after one 
harvesting step, dry beads need time to swell and separate from each other. For future 
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experiment, it is more practical to add more beads in each step and make beads less 
aggregated.  
Another observation is that the recovery efficiency gradually decreased step by step from 
99.37% to 93.14%. Although used SAP beads become green when they were separated 
from solution, the high recovery efficiency indicates this harvesting method is still 
applicable and reliable. The accumulative recovery efficiency for 5 steps is 85.96%. 
 
Figure 22 - Performance of applying SAP beads to harvest microalgae in solution. (a) 
Comparison between measured and theoretical concentrations of algae in each step. (b) 
Recovery efficiency decreases in each step. 
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CHAPTER 5. CONCLUSIONS 
This research project used a simple two-step method to synthesize poly (acrylamide-co-
acrylic acid) (P(AM-co-AA)) SAP beads. In this method, monomer solutions and carrier 
phase (silicone oil) were injected to glass tube. Then small droplets were formed at the T 
junction and pre-polymerized under heat. These partially polymerized polymer beads were 
further healed in the carrier phase under certain temperature. Compared with previous 
method, the stability of the synthetic system of the new two-step polymerization method is 
largely improved. 
A thorough study on the compositions of SAP beads was conducted. According to the 
experiment results, the water absorbency of SAP beads is affected by the crosslinking 
degree, the total concentration of monomer solution, the monomer ratio, and the pH value 
of the monomer solution. To a certain point, higher water absorbency can be expected when 
the crosslinking degree is low, the monomer solution is diluted, the content of acrylic acid 
(AA) is high, and the solution is partially neutralized. 
By changing the inner diameter of the glass tube, beads is obtained with three different 
sizes: 0.3 mm, 0.5 mm, and 1.0 mm. Inverse suspension polymerization can be used to 
produce beads under 100 µm, although the size distribution is hard to control. 
Nine types of beads are obtained which are classified according to their sizes and water 
absorbencies ranged around 100, 300, and 500. Since SAP beads are produced by batch, it 
is not applicable to maintain the water absorbency at an exact value every time. 
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From the properties of SAP beads studies, beads with smaller sizes reach their equilibrium 
in water at a faster rate than beads with larger sizes. Beads with higher crosslinking degrees 
show lower water absorbencies but have higher swelling rate constants. The water 
absorbency of SAP beads decreases dramatically when soaked in saline water. Meanwhile, 
beads with a high initially water absorbency are more vulnerable in saline environment. 
There is a general trend that water absorbency decreases when beads are recycled, but the 
decreasing rate is high for beads with an initial high absorbency. 
We investigated two possible applications of SAP beads: E. coli concentration and algae 
harvesting. In our experiments, E. coli solution was concentrated from 10 mL to 1 mL by 
five steps in about 15 minutes with a relatively high recover efficiency. In the algae 
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